Monitoring the changes in tumor vascularity is important for anti-angiogenic therapy assessment with therapeutic implications. However, monitoring vascularity is quite challenging due to the lack of appropriate imaging techniques. Here, we describe a non-invasive imaging technique using optical-resolution photoacoustic microscopy (OR-PAM) to track vascular changes in prostate cancer treated with an anti-angiogenic agent, DC101, on a mouse ear xenograft model. Approximately 1-3 days after the initial therapy, OR-PAM imaging detected tumor vascular changes such as reduced vessel tortuosity, decreased vessel diameter and homogenized intratumoral vessel distribution. These observations indicated vessel normalization, which was pathologically validated as increased fractional pericyte coverage, functional perfusion and drug delivery of the vessels. After four DC101 interventions, OR-PAM imaging eventually revealed intratumoral vessel regression. Therefore, OR-PAM imaging of the vasculature offers a promising method to study anti-angiogenic drug mechanisms of action in vivo and holds potential in monitoring and guiding anti-angiogenic therapy.
Introduction
Tumor angiogenesis can induce excessive vessel growth to render tumor cells more accessible to nutrients, oxygen and metastasis [1] . Therefore, the strategy of anti-angiogenic therapy has been proposed to deprive tumors of their blood supply [2] . The benefit of current antiangiogenic therapy is far from satisfactory [3] , and many efforts have been devoted to identifying new drugs or drug combinations to combat tumor angiogenesis. However, there is still a lack of an effective response evaluation method for anti-angiogenic drug assessment. Imaging of tumor blood perfusion and/or vessel architecture has been demonstrated to help identify cancer patient responders to anti-angiogenic therapy [4, 5] , suggesting that the changes in the underlying tumor vascular biology are good indicators for assessing anti-angiogenic drug efficacy. Conventional imaging techniques, such as MR, CT, ultrasound or optical imaging, have already been fostered to monitor changes in tumor vascularity resulting from anti-angiogenic therapy [4] [5] [6] [7] . However, these techniques cannot resolve fine vasculature and some require exogenous contrast agents. Photoacoustic tomography (PAT) is a newly emerging technique with the potential for imaging vascular morphology, blood oxygenation, and blood flow in vivo at great depth and resolution by using hemoglobin as an endogenous contrast agent [8] [9] [10] [11] [12] [13] . There are currently two major implementations of PAT: photoacoustic computed tomography (PACT), which can image vasculature with a larger field of view (FOV), faster speed and deeper depths, and photoacoustic microscopy (PAM), which can visualize vascular networks with higher resolutions, up to ∼1-10 μm for optical-resolution PAM (OR-PAM) [12, 13] . In this regard, OR-PAM may have an advantage in revealing the subtle alterations of blood vessels, thus allowing early detection of therapeutic response and a better understanding about vascular biology. To date, only one study has employed OR-PAM to evaluate acute vascular destruction due to one-time treatment of vascular-disrupting agents within 5 h [12] . However, many anti-angiogenic drugs induce complicated vascular responses, ranging from vascular normalization to regression [14] . The use of OR-PAM to detect intricate vascular responses and study the course of anti-angiogenic therapy over a longer period has yet to be established.
The importance of tumor angiogenesis imaging is also recognized in optimizing combination therapies. The use of anti-angiogenic drugs in combination with cytotoxic therapy has been shown to yield better survival benefits than monotherapy [15, 16] . However, scheduling of this combination therapy should be performed carefully because antiangiogenic drugs could severely hinder drug delivery by blocking blood supply [17] . This problem can be addressed by the hypothesis of "vascular normalization" [18] : when pro-angiogenic stimulators are counterbalanced by angiogenic inhibitors, the chaotic tumor vasculature can be converted towards a normal state with a relatively regular morphology and improved blood perfusion, resulting in enhanced drug and oxygen delivery [18] . These effects make tumors more sensitive to chemotherapy or radiotherapy, but only for a very limited time [19] [20] [21] . The sustained and aggressive uses of anti-angiogenic agents ultimately destroy tumor vasculature. Thus, it is critically important to monitor the normalization time window accurately for scheduling combination therapy. Although OR-PAM is a noninvasive and optimal technology for vascular imaging, whether OR-PAM imaging is useful to track vascular normalization deserves to be investigated.
In this study, we aim to investigate the feasibility of using OR-PAM for longitudinal monitoring of anti-angiogenic therapy and tracking vascular normalization in vivo. A monoclonal antibody against mouse vascular endothelial growth factor receptor-2, DC101, was used in prostate cancer xenografts. To identify the characteristics of tumor vascular responses to DC101, pre-and post-treatment OR-PAM images were acquired, quantitatively analyzed and compared between DC101-treated and control subjects. Histopathological analyses were performed to confirm the functional changes associated with the morphological changes of tumor vessels. Based on these characteristics, we further illustrated the potential of OR-PAM to identify the DC101-induced "normalization window".
Materials and methods

Animal models
Male BALB/c nude mice (4-6 weeks old and weighing 18-20 g) were used in this study. All animal experiments were performed in accordance with the Guide for the Care and Use of Laboratory Animals (National Institutes of Health publication nos. 80-23, revised 1996). The human prostate cancer cell line, C4-2, was cultured in Roswell Park Memorial Institute (RPMI) 1640 medium (Life Technologies, NY, USA) supplemented with 10% fetal bovine serum (FBS; HyClone, UT, USA). The C4-2 cells were suspended in 15 μl PBS and then inoculated into the ears of the mice.
Experimental design
Twelve tumor-bearing mice were evenly assigned randomly into a DC101-treated group and a control group. Therapy was initiated on the 6th day after tumor implantation and was designated Day 0. Mice were injected with DC101 (ImClone Systems Inc., NY, USA) intraperitoneally (i.p.) or nonspecific rat IgG at a dose of 40 mg/kg three times on days 0, 2, and 4. On Day 0, prior to the therapy, and on Day 5, each mouse ear with tumor xenografts was imaged to investigate the therapeutic response of the tumor vasculature. After the last imaging, the mice were sacrificed, and the tumor tissues were dissected for histological analysis. To investigate the dynamic vascular changes induced by DC101, another four C4-2 tumor-bearing mice were treated with DC101 and monitored on days 0, 1, 3, 5, and 7. To identify the vascular pattern induced by the prostate cancer tumor, a mouse bearing a C4-2 tumor xenograft without treatment was imaged every 2 days after tumor implantation.
OR-PAM imaging system and protocol
The custom-built OR-PAM system (Fig. 1a ) described in our previous studies [13, 22] was used. Briefly, a nanosecond pulsed laser beam at 532 nm from an Nd:YAG laser source (GKNQL-532, Beijing Guoke Laser Co., Beijing, China) was focused for excitation. A repetition rate of 2 kHz was applied in all experiments to obtain A-line signals. The timeresolved photoacoustic signals were detected by a 50-MHz transducer (V214-BC-RM, Olympus-NDT, Japan). The whole scanning head was mounted on a 3-axis motorized translation stage (VT-80, Physik Instrumente, Germany) and controlled by customized computer software written in LabVIEW (2011, National Instruments, TX, USA). To evaluate the lateral resolution of our system, a sharp blade edge was scanned with a step size of 1 μm (inset in Fig. 1b ). The measured lateral resolution was˜3.8 μm by deriving the line spread function (LSF) and calculating the full-width at half-maximum (FWHM) of the LSF (Fig. 1b) . As shown in Fig. 1c , this resolution is sufficient to evaluate intricate microvasculature. Capillaries as small as 5.5 μm can be resolved in these OR-PAM images (Fig. 1d) .
After anesthetization with a mixture of isoflurane (Euthanex, Palmer, Pennsylvania, USA) and air, the mouse ear was flattened on a plastic plate. The scanning was performed at a 5 μm step size between adjacent B-scans. For scanning an 8 × 8 mm 2 region of interest with an 8 mm/s mechanical axis scanning speed, the total imaging time is approximately 30 min, and the B-scan rate is 1 Hz. In all in vivo imaging experiments, the laser energy reaching the tissue surface was maintained at˜200 nJ/pulse, corresponding to an optical fluence of˜16 mJ/ cm 2 (when focused˜250 μm beneath the skin surface), which is within 
Histological analysis
To evaluate the coverage of pericytes on tumor vessels, double immunofluorescence of CD31 (rat antibody against mouse CD31, BD Pharmingen, CA, USA) and α-smooth muscle actin (α-SMA, rabbit polyclonal antibody against mouse α-SMA, Abcam, Cambridge, UK) was performed on tumor tissue sections. The tissue sections were examined using a confocal microscope (Leica, Hamburg, Germany), and images were taken to quantify areas positive for CD31 or α-SMA using ImageJ software (http://rsb.info.nih.gov/ij).
Tumor perfusion was assessed by intravenously injecting 0.05 mg lectin-FITC (Lycopersicon esculentum; Vector Laboratories, CA, USA) 15 min before the mice were sacrificed. To validate the vascular distribution imaged by OR-PAM, the whole tumor section was scanned by a confocal microscope (Leica). To determine the perfusion of vessels, immunofluorescent staining for CD31 was performed on the tumor sections, which were then examined under the confocal microscope (Leica). Images were recorded to calculate the lectin-positive areas relative to the CD31-positive areas.
To evaluate the vascular function of drug delivery, we administered the red autofluorescent chemotherapeutic agent doxorubicin (Dox, 20 mg/kg body weight) intravenously 5 days after the initial DC101 or IgG treatment. Three hours after Dox injection, mice received 0.05 mg lectin-FITC intravenously 15 min before the mice were sacrificed. The distribution of Dox-and lectin-labeled vessels was imaged using a confocal microscope (Leica) to quantify the Dox signal.
Statistical analysis
Image processing and vascular quantification were analyzed using our developed algorithm implemented in MATLAB (R2014a, The Mathworks, Natick, MA, USA) as previously described [22] . Briefly, the raw 3-D volume data were processed with a Hessian matrix-based algorithm to generate maximum amplitude projection (MAP) images for photoacoustic imaging. The vascular walls were extracted from the original 3-D volume data by background noise degradation, vascular signal identification, vascular signal enhancement, and extraction region growth. Then, the binary volume data were separated into individual subdomains so that no connected components (i.e., connected vessels) existed in each subdomain. An augmented fast marching method (AFMM) was applied in each subdomain to identify the vascular centerlines. Based on the identified centerlines, vessel diameter, density, and tortuosity were computed to describe the properties of the vascular morphology. Vessel diameter was determined by measuring the vertical distances between the centerline and both sides of the vessel walls. The vessel density was represented as the ratio of all vessel pixels to the overall pixels of the selected tumor regions. The vessel tortuosity was assessed by calculating the ratio between the actual path length of a vessel segment in each subdomain and the linear distance between the two ends of the vessel.
Data are presented as the mean ± standard error of the mean (SEM). The differences between pre-and post-treatment were determined by a two-sample Student's t-test. The differences between the control and DC101-treated groups were analyzed using an unpaired Student's t-test. A P-value ≤ 0.05 was considered statistically significant for all comparisons. Analyses were performed with GraphPad Prism (version 5, GraphPad Software, Inc., CA, USA).
Results
Longitudinal imaging of vasculature development within prostate tumor xenografts
We first applied the OR-PAM system at a wavelength of 532 nm to image the development of prostate tumor vasculature based on the endogenous contrast of hemoglobin. A mouse bearing the C4-2 tumor xenograft was selected and imaged every other day from Day 2 to Day 10 following inoculation of tumor cells. As shown in Fig. 2a , the PAM images of the tumor mass showed vessels of varying diameters and revealed an irregular and chaotic vascular network, which was clearly distinguishable compared to the well-established vasculature in the normal tissues. The tumor vessels were heterogeneously distributed throughout the tumor, with a dense network at the tumor periphery compared to the tumor center. As the tumor grew, the tumor center became progressively hypovascular. Moreover, the structural (vessel diameter and density) and geometrical parameters (tortuosity) were quantified to evaluate tumor angiogenesis. All vascular parameters gradually increased (Fig. 2b) , consistent with the characteristics of tumor vascular development [1] .
Detecting vascular normalization within prostate tumor xenografts with OR-PAM imaging
To investigate the potential of OR-PAM to detect the tumor (Fig. 3a, upper panel) . In contrast, the central regions of tumors treated with DC101 were more perfused after treatment since more intratumoral vessels existed (Fig. 3a, lower  panel) . After the final imaging, mice were injected with lectin to label the vessels. Tumors were then excised and subjected to histological examination. Lectin staining for the control group was sparse in the tumor center but evenly distributed throughout the DC101-treated tumors, confirming the differences in spatial vascular distribution revealed by OR-PAM imaging (Fig. 3b) .
To gain quantitative insight into tumor vessel morphologies, the vascular parameters (diameter, density and tortuosity) were obtained from IgG-and DC101-treated tumors before and after treatment (Fig. 3c) . In the control group, a significant increase was observed in vessel diameters (29.81 ± 1.39 μm vs. 31.87 ± 0.81 μm, P = 0.042), density (0.26 ± 0.03 vs. 0.32 ± 0.03, P = 0.029) and tortuosity (5.82 ± 0.30 vs. 6.69 ± 0.24, P = 0.047), confirming the increasing abnormal changes of tumor vessels. In the DC101-treated group, vessel diameter dramatically decreased from 28.78 ± 0.99 μm to 26.92 ± 0.70 μm following treatment (P = 0.015). The vessel density appeared to remain unaffected by treatment (0.26 ± 0.02 to 0.21 ± 0.02, P = 0.26). The mean tortuosity after DC101 treatment was dramatically lower than that of the pretreatment (5.82 ± 0.29 vs. 5.02 ± 0.23, P = 0.02). Together with the homogenizing vascular distribution, the decreases in vessel diameter and tortuosity indicate that the tumor vessels were morphologically normalized after DC101 treatment.
To gain the functional information associated with morphologic changes of tumor vasculature, histological analyses were performed. Since the recruitment of pericytes by nascent blood vessels is necessary for vessel maturation and function [23] , we first assessed the association of pericytes with tumor vessels by determining the expression of α-SMA, a marker for pericytes. Tumor vessels in IgG-treated control tumors were largely immature with poor pericyte coverage. In comparison, DC101 relatively normalized the wall structures of residual tumor vessels. The fractional coverage of tumor vessels by α-SMA-positive cells in DC101-treated tumors increased from 50.03 ± 6.45% to 68.19 ± 4.11% (P = 0.039, Fig. 4a ). Vascular perfusion was examined by injecting lectin-FITC intravenously. Approximately 53.81% of the vessels within the control tumors had little or no perfusion. On the other hand, DC101 treatment relieved the intratumor ischemic condition by significantly increasing the percentage of perfused blood vessels (control vs. DC101, 46.19 ± 3.86% vs. 67.35 ± 2.66%, P = 0.001, Fig. 4b ). We also studied the effect of DC101 on the delivery of a chemotherapeutic agent, doxorubicin (Dox). In the control group, Dox was observed predominantly in proximity to the blood vessels, whereas in the DC101-treated tumors, the fluorescent signal generated from Dox displayed a significant increase of distribution within tumors (Fig. 4c) . Quantitative analysis confirmed the increase of Dox uptake following pretreatment with DC101 (control vs. DC101, 20.24 ± 1.64% vs. 33.20 ± 2.47%, P = 0.001, Fig. 4c) .
Collectively, the vascular morphologic normalization observed by OR-PAM can be related to functional normalization. By observing vascular distribution and measuring vessel diameter and tortuosity, OR-PAM can detect vascular normalization.
Serial PA imaging of tumor vasculature to define the course of DC101 treatment
Although DC101 treatment transforms tumor vasculature into a relatively normal state, the normalization window is always assumed to be short-lived and would close with an onset of vascular regression, which would compromise drug delivery [18] [19] [20] [21] . Thus, the course of therapy should be carefully monitored for scheduling combined therapies. Herein, we also tested OR-PAM for tracking the dynamic therapeutic responses of tumor-bearing mice receiving DC101 treatment. The serial observation is shown in Fig. 5 . A gradual normalization of vascular morphology was noted from Day 1 to Day 5 following DC101 administration. Consistent with previous results, treatment with DC101 resulted in a more homogenous distribution of perfusion and a less chaotic vascular network within the tumor xenografts. However, prolonged DC101 treatment eventually pruned away the normalized intratumoral vessels with a more visible difference in vessel distribution between the tumor center and the tumor periphery on Day 7, which potentially indicated the start of closing the optimal time window for synergistic cytotoxic therapy.
Discussion and conclusion
Imaging of tumor vasculature with high resolution, which enables us to measure temporal and spatial vascular changes with therapeutic implications, is of great importance. In this study, we presented an OR-PAM system capable of resolving blood vessels down to 5.5 μm as a promising solution for longitudinal monitoring of vascular responses to anti-angiogenic tumor therapy by evaluating the DC101 effect on prostate cancer tumors. Based on the phenotypic morphological changes of the vasculature, OR-PAM imaging was able to detect vascular normalization and regression in vivo over the course of DC101 treatment.
To date, the feasibility of PAM in monitoring anti-angiogenic therapy in a murine tumor xenograft model has been shown by one previous study [12] , which performed imaging on tumors that were too small to clearly visualize the intratumoral vessels. They evaluated acute drug effects mainly based on the intensity of the photoacoustic signal. In our study, we took full advantage of OR-PAM to resolve tumor vasculature and measure more parameters: vessel diameter, density and tortuosity. These three parameters are commonly used for evaluating anti-angiogenic therapy [7, 19] . The degree of tumor vessel density has long been considered an indicator of tumor angiogenic activity. Vessel diameter and tortuosity are important parameters of vascular morphology. Tumor vessel diameter, at some point, is associated with vessel maturation because it can be increased by loss of pericyte coverage or loosened endothelium-pericyte interaction [24, 25] . Tortuosity not only describes the irregular shape of tumor vessels but is also presumed to be associated with blood flow. A decreased tortuosity can be beneficial by shortening blood flow pathways [26] . By incorporating multiple quantitative parameters, OR-PAM images provided more insight into the therapeutic response in addition to vascular disruption, as we presented in the results section.
While vascular disruption can be visualized as a reduction of photoacoustic intensity, the ability of PAM to detect vascular normalization has not been studied. To address this issue, we compared the observed vascular changes between tumors with DC101 and control therapy to identify OR-PAM imaging indicators of the normality of tumor vascular physiology. The OR-PAM images showed a vascular rim pattern for prostate tumors at different time points during their development. After drug administration, the DC101-treated tumors showed improved blood support in their central regions, while the control tumors still displayed a central ischemic character. This observed difference was validated by histological examination of lectin staining. Moreover, quantitative morphologic analysis revealed significantly decreased vessel diameter and tortuosity in DC101-treated tumors compared with control tumors. These pronounced morphological changes coincided with functional normalization, as evidenced by the significant increase in the pericyte coverage of tumor vessels, vascular perfusion, and drug delivery. Therefore, the vascular distribution pattern visible in OR-PAM images and the morphologic parameters (vessel diameter and tortuosity) derived therefrom can potentially serve as imaging biomarkers to predict vascular normalization.
Currently, the concept of "normalizing tumor vasculature" [18] is widely accepted in explaining the synergistic anti-tumor effect and scheduling anti-angiogenic therapy with chemotherapy. However, it is challenging to define the timing of the normalization window wherein cytotoxic drugs will have maximal access to cancer cells during the treatment intervention. Based on the above-described OR-PAM imaging parameters, our study observed an early onset of normalization, approximately 1-3 days after the commencement of initial therapy, which was consistent with previous studies [7, 19, 20] . The closure of the normalization window has been proposed to be related to prolonged dosing of anti-angiogenic therapies, which would tip the balance past the equilibrium in favor of anti-angiogenic molecules and subsequently lead to vascular pruning/regression [21] . As OR-PAM resolves vasculature through hemoglobin absorption, the reduced intratumoral vascularization observed by OR-PAM could somehow reflect the decrease of efficient pathways for delivering drugs into solid tumors. Therefore, we postulated that the normalization window may begin to close at the occurrence of the regression of normalized intratumoral vessels. In this study, we successfully observed dynamic vascular changes from normalization to regression using OR-PAM imaging. These results suggest that OR-PAM can be very helpful to identify the normalization window in vivo, thus providing information about the optimal timing to administrate chemotherapy drugs.
Preclinical drug assessments in small animal cancer models are very important in guiding us to choose drug candidates and design therapeutic strategies. In this study, we evaluated a subcutaneous ear implantation model, which is easy to image and can avoid unnecessary motion artifacts. Although this model is considered a less accurate recapitulation of cancers than an orthotopic model, it still breeds tumors Fluorescence-labeled lectin (green) outlines the tumor vessels. Nuclei were counterstained blue with DAPI. Scale bar, 50 μm. *, P < 0.05; **, P < 0.01. that display similar vascular characteristics to those growing on orthotopic sites [7, 27] and is applied in many other preclinical angiogenesis studies [28, 29] . Applying OR-PAM in this model provides a convenient intravital tumor imaging method that helps us preliminarily screen vascular-targeting drugs or molecules and understand their specific effect on vasculature over time. Based on the relationship between visible features and vascular function, we can be informed of whether and in which type of cancer a drug/molecule can induce vascular normalization and how long they remain in that state, consequently informing the decision in choosing the most optimal anti-angiogenic drug/target to enhance chemotherapy. It is also worthwhile to note that portable OR-PAM has been developed [30, 31] , which may increase the clinical feasibility of OR-PAM to evaluate angiogenesis in superficial tumors of patients.
The current study, while demonstrating several advantages of OR-PAM, has a few limitations. Our system was implemented with a single wavelength laser source specific to hemoglobin. Thus, we could only observe the absorbance of total hemoglobin. By extending the system to use multiple wavelengths, oxy-and deoxyhemoglobin information can also be visualized, which would provide additional information on vascular function. Another limitation of our study is the number of animals used for serial monitoring during the DC101 treatment. The manifestation of vessel regression after normalization within 7 days was only observed in two mice out of the four used. This might be attributed to individual differences that caused different durations of normalization windows, which supports the necessity of continuous monitoring for individual therapy.
In conclusion, our study provides proof to support the applicability of OR-PAM for noninvasive assessment of the anti-angiogenic drug therapy response over time in preclinical mouse models. The vascular characteristics acquired by OR-PAM imaging can inform both vascular normalization and regression by illuminating the time window of normalization. This imaging technique can be widely used in the screening and development of vascular targeted drugs and holds great potential in the optimal designing of anti-angiogenic therapy with chemotherapy. 
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